Background Surface replacement arthroplasties are commonly performed in young, active patients who desire return to high-impact activities including heavy manual labor and recreational sports. Femoral neck fracture is an arthroplasty-related complication unique to surface replacement arthroplasty. However, it is unclear regarding whether patients are at lower risk for fracture after a certain postoperative time.
Introduction
A surface replacement arthroplasty (SRA) is considered an alternative for younger patients wishing to remain active or return to heavy labor, and for whom the longevity of a THA is a concern [15] . Some of its proposed advantages include: maintenance of more normal anatomy [16] , preservation of native proximal femoral bone [3, 27] , and fewer dislocations [4, 27, 36] . It is postulated that SRA allows a more physiologic transfer of force [26] , leading to less stress shielding and improved maintenance of bone mineral density (BMD) [20, 26] . Several studies using finite element analyses predict stress shielding still occurs in the femoral head and neck [33, 34, 42] , leading to a decrease in BMD.
Loss of bone density in the proximal femur may be associated with two common complications seen with SRA: femoral neck fractures [4, 12, 27, 32, 36, 38] and aseptic loosening [1, 4, 9, 11, 40] . Femoral neck fractures reportedly occur in 0% to 4.7% of patients who undergo SRA [4, 12, 27, 32, 36, 38] ; numerous surgical [2, 6, 7, 38] and patient-related factors [2, 6, 13, 14, 38] are thought to contribute to the risk of fracture. Patients typically decrease the cumulative forces transferred to the proximal femur during the initial postoperative period, owing to relative inactivity and, if additional stress shielding occurs, a premature return to high-impact activity might contribute to the risk of femoral neck fracture [12] . Although other factors such as pain, hip ROM, and muscle strength are important factors in restoring function, it is unclear when a patient who underwent SRA and is pain free, with good ROM and muscle strength, can resume high-impact activity without increased risk of femoral neck fracture. Numerous authors have reported that they allow patients to return to sports or heavy labor anywhere from 3 months to 1 year postoperatively [10, 12, 24, 30, 36 ]. This appears to be based solely on surgeon preference and, to our knowledge, there are no guidelines incorporating objective data to define an appropriate time for patients to return to highimpact sports or heavy manual labor.
The purposes of this study therefore were to: (1) determine the effect of SRA compared with THA on the BMD of the proximal femur postoperatively in a larger group of young, active patients, and (2) determine the time we can allow patients who underwent SRA to return to sports activities and heavy labor, based on changes in BMD.
Patients and Materials
We prospectively studied the femoral BMD in a cohort of 90 patients (96 hips) from a larger prospective study comparing outcomes between THA and SRA in young, active patients (Table 1) . We prospectively planned to enroll 100 patients meeting eligibility criteria for the larger prospective study in an optional study arm to monitor bone density. We enrolled subjects in this optional arm of the study on a first-come, first-serve basis until we reached enrollment. Of the 100 patients enrolled, 10 did not return for a second followup after their initial dual energy x-ray absorptiometry (DEXA) scan at 6 weeks; therefore, the change in BMD with time could not be calculated for these 10 patients and they were excluded from the final study group. Originally, we intended to obtain DEXA scans at 2 years postoperatively for all patients. After analyzing the current data, we decided to stop this study early to avoid any additional radiation exposure to our patients, as we found no changes in BMD between 6 months and 1 year for patients who had SRA. Fifty-two patients (56 hips) underwent SRA and 38 (40 hips) underwent THA with uncemented components. We recorded their UCLA and Harris hip scores ( Table 2 ). Between November 2007 and October 2009, three surgeons (RMN, JCC, RLB) at one institution performed all procedures after the learning curve period for SRA [14, 28, 32] ; thus we presume there would be fewer technical errors and more consistent surgery between patients. Our Institutional Review Board approved this study.
We included patients if they were skeletally mature, undergoing primary hip surgery for noninflammatory arthritis, had a BMI of 35 kg/m 2 or less, and had an increased activity level defined by a presymptomatic UCLA activity score of 6 (regularly participates in moderate activities) or greater. Owing to concerns regarding age-related issues, including decreases in BMD, medical comorbidities, overall functional activity level, and results reported in the Australian Registry [39] , we included only men between 18-and 65-years-old and women between 18-and 55-years-old. The THA control group was comprised of young, active patients who met all of the same inclusion criteria for SRA and would have been offered SRA, except they were excluded owing to: a desire to become pregnant, inadequate or abnormal bone stock to support the SRA device, osteonecrosis with greater than 50% involvement of the femoral head, multiple cysts in the femoral head larger than 1 cm, symptomatic leg length discrepancy greater than 1 cm, metal allergies, or renal insufficiency. We excluded patients with morbid obesity (BMI [ 35,) neuromuscular disease, vascular insufficiency, muscular atrophy, or other important medical comorbidities that would limit their activities postoperatively, from the SRA and THA groups. The average age of the patients was similar (p = 0.49) in the two groups: 48.9 years in the THA group and 50.3 years in the SRA group. The average presymptomatic UCLA score was higher (p = 0.017) in the SRA group than in the THA group: 8.9 versus 7.9, respectively.
Surgeons performed all operations through the posterolateral approach. During the SRA approach, the surgeons were careful to preserve the soft tissue along the femoral neck to avoid vascular compromise and the potential development of avascular necrosis to the femoral head. We allowed all patients to be full weightbearing immediately.
We obtained periprosthetic BMD using DEXA (Discovery A model; Hologic, Bedford, MA, USA). DEXA is a well-validated method to assess BMD in patients who have undergone hip resurfacing and THA [29, 43] . The same technician (CM) obtained scans and measurements at 6 weeks, 6 months, 1 year, and 2 years postoperatively, using the same template between each time for the patient, and standard foot and knee supports. We used prosthetic hip software (Hologic) to measure BMD in the seven Gruen zones [17] on the patients who had THAs and the regions corresponding to the seven Gruen zones in the patients who had SRAs (Fig. 1 ). In addition, we measured BMD in the femoral neck region in the patients who had SRAs (Fig. 2) , as described previously [18, 22] ; the femoral neck was divided into six equal regions of interest: three regions superolateral to the stem (L1-L3) and three regions inferomedial (M1-M3.) ( Fig. 2) We used the 6-week BMD values as the baseline to calculate the percent change in BMD at 6 months, 1 year, and 2 years for each patient, similar to a previously reported method [22, 31] .
To compare demographics and baseline clinical parameters between the THA and SRA groups, we used Student's t-test for continuous variables, eg, age, BMI, and UCLA scores, and Pearson's chi square test for sex and operation side. To examine the change of BMD during the study course (6-week, 6-month, 1-year, and 2-year), we constructed a mixed model with repeated measures, and we also compared the values between the surgically treated and the control hips. We chose compound symmetry covariance structure when taking into consideration withsubject correlations. Age, sex, BMI, and UCLA activity level were included in the model as important adjustment covariates. All tests were two sided. We used SAS 9.1 (SAS Institute Inc, Cary, NC, USA) for all the statistical procedures.
Results
The percent change in BMD for the THA group compared with the SRA group at 6 months, 1 year, and 2 years were associated with the greatest measured differences in the proximal femur in Gruen Zones 1, 2, 6, and 7 (Table 3) . At 1 year, the differences between the THA group and SRA group persisted in Gruen Zones 1, 6, 7 (p \ 0.0001), and Zone 2 (p = 0.0005), and at 2 years, in Zones 1 and 6 (p \ 0.0001). In both groups, the BMD ratio in the distal femur in Gruen Zones 3, 4, and 5 stayed approximately 100% throughout all intervals. The percent of change in BMD in the THA and SRA groups at 6 weeks, 6 months, 1 year, and 2 years (Table 4) were decreased in the THA group in Gruen Zones 1, 2, and 7 (p \ 0.0001), with the largest decrease in the medial calcar in Zone 7 (93.3%). There were no decreases in the SRA group at any time.
There was no change in any Gruen zone in either group from 6 months to 1 year. There was no correlation in BMD with time associated with age, sex, preoperative UCLA activity score, or BMI in either group. In the SRA group there was no decrease in BMD in the femoral neck regions from 6 weeks to 6 months, 6 months to 1 year, and 1 year to 2 years ( Table 5 ). The BMD on the lateral, tension side of the femoral neck increased to 109.8% at 1 year (p = 0.0165) and to 117.1% at 2 years (p = 0.0359). When divided into three lateral and three medial zones ( Table 6 ), we found increases in BMD in L1 at 6 months (p = 0.0081) and at 1 year (p = 0.047), and in M3 at 1 year (p = 0.0052). The change in BMD with time (Tables 7, 8) was not associated with age, sex, preoperative UCLA activity score, or BMI. After obtaining all of our DEXA data showing that there is increased BMD by 6 months postoperatively in the patients who underwent SRA, we then changed our postoperative management to allow patients who showed acceptable improvement in ROM and strength testing to return to unlimited activity at that time. To date we have performed more than 420 SRAs at our institution with no femoral neck fractures and including the last 120 patients who underwent SRAs during the past 2 years in which we have allowed them unrestricted return to impact activities at the 6-month postoperative period. These observations suggest that patients undergoing SRA can return to highimpact activities 6 months after surgery and proper rehabilitation with no increased risk in fracture.
Discussion
SRA is commonly performed in young, active patients who desire the ability to return to recreational sports and physically demanding jobs after surgery. These high-impact activities place additional forces across the hip and have the potential to cause fractures of the femoral neck, a unique complication after hip resurfacing surgery. To date, there are no objective data to help surgeons determine when it is safe for patients who have had SRA to return to high-impact activities and avoid the potential of a femoral neck fracture. The purposes of this study were to: (1) determine the effect of SRA compared with THA on the BMD of the proximal femur postoperatively in a larger group of young, active patients, and (2) determine the time in which we can allow patients who underwent SRA to return to sports activities and heavy labor, based on changes in BMD.
Our study has some limitations. First are those inherent to using a DEXA scan to quantify BMD, especially in the bone adjacent to a metal implant [29] . DEXA scans around THA implants have been reported to have low variation between repeat measurements: BMD variation of 0.0035 within the same region of interest [29] , and a low coefficient of variation (1.3%-6.1%) [29, 35, 43, 44] . We attempted to minimize this variability in our study by using the same DEXA scanner, the same technician to perform the scans, and the same template to measure bone density for all scans. Second, it is not possible to accurately compare preoperative BMD (before implant) with postoperative BMD owing to the inherent distortion that the metal implants create for the BMD-analysis software. We do not know, however, how much distortion might occur or what errors such distortion might introduce into our data. Third, we had a greater percentage of females in the THA group, and there were eight patients with avascular necrosis in the THA group compared with no patients with avascular necrosis in the SRA group. This difference is attributable to our patient selection process for determining if a young active patient is a good candidate for SRA. Owing to concerns regarding early failure of SRA in female patients with small component sizes and in patients with avascular necrosis involving greater than 50% of the femoral head, we avoided performing SRA in these patients who otherwise would be good candidates for SRA with their activity levels. Fourth, our study focused only on stress shielding and the changes in BMD after THA and SRA and did not focus on the clinical outcomes such as return to highimpact employment and return to sports for these patients.
Further research is being conducted at our center and others to address this clinical question. Periprosthetic bone loss secondary to stress shielding in the proximal femur is well-documented in patients undergoing THAs [20] , occurring primarily in Gruen Zones 1 and 7 [8, 31, 41, 44] , largely during the first postoperative year [22, 31, 41] . Two previous DEXA studies of small patient cohorts [19, 22] compare BMD in patients undergoing THA and SRA using a baseline BMD from 3 weeks postoperatively. Patients who underwent SRA experienced minimal stress shielding, whereas patients who underwent THA had a decrease of approximately 15%. In comparison, our observations with a much larger, prospective cohort show no evidence of stress shielding in patients who underwent SRA. One possible reason for the difference might be the more stringent selection of young, active patients for our study. Bone quality in the femoral neck is of particular importance in patients undergoing SRA as it might be related to femoral neck fractures [4, 12, 27, 32, 36, 38] and aseptic loosening [1, 4, 9, 11, 40] . Based on finite element analysis of a SRA, one study reported that SRA-implanted hips experience stress and strain in the femoral neck that is near normal and produce less stress shielding and bone remodeling than with THA [26] . Although other finite element analyses predict stress shielding occurring in patients undergoing SRA in the superolateral portion of the femoral neck [33, 34, 42] , we did not detect stress shielding in any of the three superolateral or three inferomedial zones. On the contrary, we observed an increase in BMD in the L1 region at 6 months and 1 year, in the M3 region at 1 year, and in the lateral region as a whole (L1-L3) at 1 year and 2 years; we believe these increases are clinically important in the SRA group as they occur on the tension side of the bone where any potential femoral neck fractures would likely be initiated, especially during highimpact activities. Cooke et al. [10] observed a decrease in BMD in the superolateral zone of the femoral neck of 9% at 6 weeks and 8% at 3 months. In contrast, we found no decrease in the lateral region and did not find as large of an absolute change between 6 weeks and 1 year. Some of the differences in these findings may be attributed to the fact that they measured preoperative BMD. We believe an early postoperative baseline measurement is more accurate, given the sensitivity of the DEXA-analysis software to changes in the template area to be measured. We found it is unreliable when comparing DEXA images from before and after implantation owing to loss of some of the preoperative bony landmarks for template standardization. The metal implant in the postoperative scans, especially the femoral stem for the SRA inside the femoral neck, distorts the actual quantity of bone to be measured. Last, using a preoperative BMD measurement as the baseline instead of a postoperative BMD measurement overestimates the change in BMD and stress shielding [23] .
Femoral neck fracture is a common indication for SRA revision [4, 37, 39] . In the literature, the mean time to fracture ranges from 9 weeks to 15.4 weeks, with the majority of the fractures occurring during the first year [4, 14, 25, 38] . We observed no change in BMD in the femoral neck during the first postoperative year that provides evidence that stress shielding after SRA contributes to the incidence of femoral neck fracture in those studies. In addition, female sex and loosening reportedly are associated with an increased revision rate for fracture [1, 14, 21, 38] . However, several analyses reported that when the size of the femoral head component is controlled for, female sex no longer is associated with an increased fracture risk [5, 37] . Correspondingly, we did not find a difference in the change in BMD between male and female patients who underwent SRA.
We found a lack of stress shielding and rather preservation of BMD in the femoral neck and proximal femur of patients undergoing SRA compared with patients undergoing THA. Six months after hip resurfacing we detected no stress shielding, and we found no difference in BMD between 6 months and 1 year for these patients. Therefore, we have changed our management of patients undergoing SRA to allow them to return to full, unrestricted sport activity and heavy labor at 6 months. However, if technical factors such as femoral neck notching or varus placement of the femoral stem occur, the surgeon should use caution when deciding the appropriate time to allow the patient to return to sports activity or heavy labor.
